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Abstract: This study explores the catalytic enhancement of cyclic carbonate synthesis from CO- and epoxides by leveraging the conformational
dynamics of pyridine bis-salicylaldimine Schiff base catalysts. These multifunctional homogeneous catalysts incorporate phenolic hydrogen
bond donors, pyridine nitrogen, and imine moieties, which synergistically drive the efficient cycloaddition of epoxides with CO- under mild
conditions and atmospheric pressure. The catalytic mechanism is governed by the conformational flexibility of salicylaldimine arms attached
to the pyridine ring. Thermally induced rotation of the phenolic —OH disrupts molecular planarity and weakens intramolecular hydrogen
bonding, facilitating a reactive geometry that enhances catalytic performance. Fine-tuning hydrogen bond distances between the phenolic —-OH
and imine nitrogen emerges as a key factor influencing activity. The binary catalytic system, combining rotated pyridine bis-salicylaldimine
with tetrabutylammonium iodide (TBAI), achieves exceptional efficiency, enabling cyclic carbonate formation with 82-99% conversion and
99% selectivity using only 0.9 mol% catalyst at 80 °C and 1 bar CO.. The system’s recyclability highlights its potential for sustainable CO-
fixation. Mechanistic insights from temperature-dependent NMR, photoluminescence studies, isotopic labelling experiments, insitu IR, HRMS
and DFT calculations reveal molecular rotation effects, the role of pyridine nitrogen in CO: activation, and optimized pathways for cyclic

carbonate synthesis, offering a foundation for improved catalyst design.

Introduction

The rapid increase in atmospheric CO: due to industrialization,
especially from the excessive burning of fossil fuels, has
significantly contributed to the greenhouse effect. This has led to
severe environmental consequences, including more frequent
droughts and flooding globally. A potential solution to mitigate these
effects involves capturing and utilizing CO: from the atmosphere to
produce valuable chemicals, offering both environmental and
economic benefits.! Due to great potential of CO2 as a nontoxic,
ubiquitous, and sustainable resource, CO2 fixation and its conversion
techniques may play a vital role in recycling of atmospheric CO2 into
useful chemicals.?2 Cyclic carbonates are falls under the important
class of value-added chemicals which can be utilized as green
solvents,*% ® raw materials for the polymers,”89 10 intermediates for
the synthesis of fine chemicals,'*? electrolytes in lithium ion
batteries.'®* In principle, the reaction between epoxides and COz is
a highly exothermic reaction, thereby offering a protocol for net CO2
emission reduction. However, this reaction cannot take place
spontaneously, and suitable catalysts are generally required for the
efficient conversion of CO2. Organocatalyzed cycloadditions
between CO: and epoxides represents an attractive approach to
cyclic carbonates, because organocatalysts are usually inexpensive,
readily available, and free of metal contaminants.!> 161718 The
chemical community is increasingly seeking cost-effective, atom-
efficient, and environmentally friendly catalytic methods that use
affordable organocatalysts. Various range of catalytic systems
including metal-mediated metal-organic-frameworks (MOFs),
poIymers,8'19’20'21’22’23*24*25’26 metalosalen compIex,27’28'29’3°’31'32'33 and
organocatalytic systems3* 353637, 38 39 include N-heterocyclic
carbenes (NHCs)® and nitrogen-based nucleophiles*® ionic
liquids,***243 modified molecular sieves* etc. have been utilized to
catalyze the chemical fixation of CO2 to epoxides. From the green
chemistry point of view, several organic compounds or organic
ligands may proven as a good alternative for the metal mediated
catalytic systems. Till date many organocatalytic systems based on
pyridinium,*® imidazolium,*6. 47:484950 ammonium,5-525354 and
phosphonium salts5® 56.57.5859 g5 well as phenols®.61.62.63.64 have been
developed as both single catalysts and co-catalysts. However, the
previously mentioned catalysts often require relatively harsh
conditions (high temperature and pressure) compared to metal-
mediated catalysts and are limited by low activity, high catalyst
loading, and a narrow substrate scope. Current efforts in this field
are focused on designing organocatalysts that are easy to synthesize
and can be tuned for effective catalytic activity with both terminal
and internal epoxides under mild to ambient conditions.

In previous report, the D’Elia et al.®* explored a binary system
of ascorbic acid with TBAI (tetrabutylammonium iodide) which
showed effective conversion of terminal epoxides with CO2 to cyclic

carbonates under ambient conditions. Shirakawa et al.®
demonstrated that triethylamine hydroiodide is an efficient one-
component catalyst for the coupling of terminal epoxides with CO2
at 40 °C under ambient pressure. Another contribution by Kleij and
co-workers demonstrated binary organocatalytic systems based on a
squaramide scaffold that are highly active catalysts for the
cycloaddition reaction between internal epoxides and CO2 at 80 °C
under 30 bar of CO..%¢ In another work, organocatalyst has been
developed by Dai et al.” and they have demonstrated the highly
active one-component organocatalysts for the titled conversion at
room temperature, 1 bar of CO2 pressure for terminal epoxide and
while employing small amount of cocatalyst (TBAI), the system
becomes effective for internal epoxides at mild reaction conditions.

Recent past studies established that some pyridine based
organocatalysts containing hydroxyl or carboxyl group, play an
essential role in activation of highly reactive epoxide molecule via
the hydrogen-bonding donor group (HBD).5” More recently,
Rostami et al. reported commercially available 2-picolinic acid,
could effectively transform the cycloaddition reaction of both
internal and terminal epoxides and CO2 under neat conditions and
with lower catalyst loadings®® Table S1+. This remarkable approach
offers a viable alternative to metal-based catalysis and other
previously mentioned systems. Recently a range of HBDs have been
investigated such as phenols,®%7% glycidol,”? silanediols,”
polyalcohol™ fluorinated alcohols,” squaramides,® boronic acids’®
7 ammonium,’”” Despite the examples mentioned, there are only a
few studies on the use of hydrogen-bond donor (HBD) catalysis for
CO: fixation with internal epoxides, with the notable exception of
squaramide-catalyzed CO» fixation with internal epoxides.”® Metal-
mediated systems are well-documented in this field due to
advantages like faster overall kinetics, broad substrate compatibility,
and relatively mild reaction conditions. These systems efficiently
convert cyclic ether substrates, including internal di- and tri-
substituted epoxides, and even oxetanes, into their corresponding
cyclic carbonates under mild conditions. However, the coupling of
internal epoxides with CO: remains challenging, with only limited
progress in expanding the variety of cyclic carbonate products over
the years. To develop more effective catalysts for cyclic carbonate
production under ambient pressure, we explored the catalytic
performance of pyridine-bridged bis-salicyldimine molecules. The
pyridine ring, an efficient electron-transfer structure, serves as an
ideal bridge for designing multifunctional catalysts by allowing the
attachment of diverse functional groups. These type of molecules
have been relatively less explored, with only eight reports (based on
a SciFinder search) describing their use as photoinduced electron
transfer (PET) cation sensors,”” %0antioxidants, antimicrobial
agents,’! and ligands for metal complex formation,3283-85 with their
metal complexes applied in catalysis.
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Fig. 1. () Schematic representation of structure of Cat 1-5 along with crystal structures of Cat 1-5. (b) the exact orientation of the molecule
where OH groups of Cat 1-5 positioned away from the pyridine N and also forming H-bonding with imine N and play a role for the activation
of epoxides. (c) Schematic representation of Cat-6-9 for the control study which describes the role of pyridine in catalytic performance of Cat

1. (d) Schematic representation of role of active sites presents in Cat 1.

To the best of our knowledge, the pyridine-bridged bis-
salicylaldimine molecule has not been utilized as an organocatalyst
in any field. Here, we utilized an analogue®’ of this molecule
featuring multifunctional active sites capable of activating both
epoxide and CO.. We are at the forefront of utilizing this molecule
as an organocatalyst for CO: fixation, a topic of significant
contemporary relevance. These molecules proved highly efficient in
co-activating both the limiting reagent (epoxide) and gaseous
substrate. In this study, we present a highly active, metal- and
solvent-free binary catalytic system with optimized basicity and
hydrogen-bonding properties, capable of undergoing in situ
structural reorientation under reaction conditions. During the
catalytic process, rotation of the —OH group induces a change in
molecular geometry, facilitating a more favourable orientation for
both epoxide activation and CO: insertion. This conformational
flexibility enhances the catalytic performance, positioning this
system as a competitive alternative to metal-based catalysts.

Our theoretical investigations further reveal that the thermally
induced rotation of the phenolic —OH group towards the pyridine
ring represents the most favourable orientation for the cycloaddition
reaction. This rotation weakens the intramolecular hydrogen
bonding between the imine nitrogen and the —OH group of the
salicylaldimine arm, perturbing the molecule's geometry. As a result,
the active sites including the pyridine, imine, and —OH groups are
brought into close proximity, facilitating efficient catalytic
interactions. This system, also incorporating a 3N organonitrogen
component (central pyridine ring and two salicylaldimine arms),
coupled with TBAI as a co-catalyst, enables the efficient conversion
of both terminal and internal epoxides into cyclic carbonates with
low catalyst loading. We demonstrate that the synergistic
combination of phenols, imine groups, and the pyridine moiety
significantly enhances the catalytic efficiency for the epoxide-to-
cyclic carbonate transformation, offering a more sustainable and
energy-efficient alternative to traditional high-pressure, high-
temperature systems using salophen-based catalysts.58

Result and discussion
We emphasized on the catalytic activity and its mechanistic

insight of a multifunctional moiety which incorporates several active
sites, such as pyridine, imine, and phenol groups. This moiety

represented here as Cat 1 (pyridine bis-salicylaldimine) (Fig. 1),
and its analogue Cat 1-5 which have been synthesized by using
modified methodology of previously developed procedures (ESIY).
This type of molecule first synthesized and characterized by
Cimerman et al in 1997.8° They also reported the crystal structure
and characterization of their molecule, which showed partial but not
complete alignment with the properties of Cat 1 presented here.
From this perspective, Cat 1 represents a novel molecule, and this
work is the first to report a series of pyridine-bridged bis-
salicylaldimine-based homogeneous organocatalysts (Cat 1 to Cat
5) featuring a 3N conjugated system. Cat 1-5 have been
characterized through NMR, Mass spectroscopy and structures were
further confirmed by single crystal XRD technique Fig. 1, Fig. S1-
S10 and Table S2t). A similar kind of 3N conjugated system was
earlier reported by Yavuz et al in 2018 as a heterogenous catalyst. It
was proven to be an efficient catalyst for the synthesis of cyclic
carbonate in the absence of cocatalyst, at pressure 10 bar.*

In presented catalytic system the —OH group of salicylaldimine
arm acts as an active site for epoxide activation through the H-
bonding, with the lone pair of imine N atoms which is also the part
of same salicylaldimine arm.®-%2 Another active site, the pyridine
nitrogen, facilitates the rapid activation of CO2, while I ion was used
as nucleophile to open the epoxide ring (Fig. 2). To determine the
optimal conditions for the catalytic activity of the synthesized
pyridine-bridged bis-salicylaldimines, we initially used styrene
oxide as a model substrate as it is considered a challenging substrate
among terminal epoxides.
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Fig. 2. Schematic representation of rotation of —OH group and
transformation of Cat 1. Active sites present in Cat 1.
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Several recently reported organocatalysts have been also used
styrene oxide as a probe to demonstrate their activity. The reaction
was carried out at 80 °C by purging with 1 bar pressure CO2 under
solvent-free and metal free conditions. Almost all synthesized
pyridine-bridged salicylaldimine catalysts (Cat 1-5) exhibited
moderate to good catalytic activity; however, Cat 1 demonstrated
exceptional performance, likely due to its unhindered structural
arrangement compared to Cat 2-5 (Fig. 1a, 1c). Initially, Cat 1 alone
at 1 bar COz and room temperature (RT) failed to yield cyclic
carbonate (Fig. 3, Table S3t). Introducing TBAI as a cocatalyst
transformed the system into a binary catalytic setup, yet conversion
remained minimal at RT. Recognizing the need for elevated
temperatures, we systematically increased it from RT to 80 °C,
achieving conversions ranging from 3.5% to 99% under 1 bar CO..
Notably, under high-pressure conditions (5 bar CO2, 90 °C, 0.9
mol%), the catalyst exhibited 56% conversion even without a
cocatalyst. The combination of Cat 1 and TBAI in neat conditions
at 80 °C and 1 bar CO: significantly enhanced styrene oxide
transformation into styrene carbonate. To clarify the specific
contributions of the pyridine moiety as well as the —OH group to
catalytic performance, we performed a systematic series of control
experiments using modified catalysts. First, we investigated the role
of the bridging unit by replacing the pyridine ring in Cat 1 with a
benzene ring to produce Cat 6. Under otherwise identical reaction
conditions, Cat 6 showed markedly reduced catalytic efficiency
compared to Cat 1 emphasizing the pivotal function of the pyridine
unit in catalysis (Fig. 1, Fig. 3 and Table S3%) This finding aligns
with earlier reports from Hirose et al and Bischoff et al.?3%
However, for the activation of pyridine, high pressure as well as
higher loading of catalyst/cocatalyst is required as mentioned in their
report. We further explored the significance of the —OH group by
synthesizing Cat 7, which lacks the —OH group, and Cat 8, which
lacks both the pyridine ring and the —OH group. Comparative testing
under standard conditions revealed that Cat 6, Cat 7, and Cat 8 all
demonstrated significantly lower activity than Cat 1. These results

Chemical Science

indicate that both the pyridine moiety and the —OH group are crucial
for optimal catalytic performance (Fig. 1d Fig. 3 and Table S37).

Thus, the observed catalytic activity of ggp]l&%g@j’g@?ﬁﬁ@y‘gﬂl
mainly due to incorporation of closer proximity of the catalytic sites
rendering the activation of both substrate epoxide and CO:
simultaneously. To assess the role of the two —OH groups in Cat 1
for this conversion, we synthesized Cat 9 and evaluated its catalytic
activity. Cat 9 demonstrated lower efficiency compared to Cat 1,
highlighting that the presence of all three nitrogen atoms and both —
OH groups is crucial for optimal catalytic performance. If we look
at the theoretically optimized structure of Cat 1, two —OH groups
are present in the structure, one is H-bonded with the imine N atom
and other is free (Fig. 2 Rotational conformer). The H-bonded —
OH group was activating epoxide due to its fast relatively non H-
bonded OH group. When the —OH group forms a hydrogen bond
with the imine in a Schiff base, it becomes polarized, enhancing the
partial positive charge on the hydrogen atom.® This increased
positive character facilitates interaction with the nucleophilic
oxygen of the epoxide ring, reducing electron density on the epoxide
oxygen. This polarization makes the carbon atoms of the epoxide
more electrophilic and thereby more susceptible to nucleophilic
attack, promoting faster ring opening and catalytic activation.®® On
the other hand, the activation of epoxide also takes place on the non
H-bonded —OH but in sluggish mode due to lack polarization.% In
Cat 9, activation occurs solely at the hydrogen-bonded —OH group
due to the absence of non-hydrogen bonded —OH groups. As a result,
Cat 9 exhibits slightly lower conversion rates compared to Cat 1, as
shown in Fig. 3 Table S3f.

For further optimization and obtaining the best catalytic activity
of cycloaddition reaction of styrene oxide on the basis of structural
arrangements, Cat 2-5 were subjected to further testing as they
feature bulky substituents at various positions on the salicylaldehyde
moiety. This investigation aimed to evaluate the influence of steric
hindrance in conjunction with TBAI under consistent reaction
conditions (Fig. 3, Table S37 entry 13-16).
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Fig. 3. (a) Represents the catalytic activity of Cat 1 at RT with variable pressure, reaction time and cocatalyst. (b) Represents the catalytic
activity of Cat 1 at 80°C with variable pressure, reaction time and cocatalyst. (c) This schematic shows the catalytic activity of Cat 1 at 80°C
with 1 bar variable reaction time in presence of cocatalyst. (d) Represents the catalytic activity of other catalysts (Cat 2-9) involved in controlled
studies at given reaction conditions. Catalyst screening for the cycloaddition of styrene oxide and CO.. Styrene oxide (2.5mmol), CO2 (1 bar),
the reaction was performed as neat. Conversion of styrene oxide into cyclic carbonate was assessed by *HNMR spectroscopy (CDCls) of the
crude mixture. The selectivity towards cyclic carbonate was>99%, and only the cis isomer was formed (Table S37).
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The cyclic carbonate was obtained in less to moderate
conversion, indicating that all of them are active catalysts for
promoting the reaction. Moreover, Cat 2 and Cat 3 afforded the
cyclic carbonate in comparable conversion, though both were lower
than the conversion obtained by Cat 1 due to presence of methyl and
tertiary butyl group at p- position. The presence of bulky groups at
the p-position did not significantly hinder the rotation of the —OH
group. However, Cat 4, which has a tert-butyl group at the o-
position, likely restricts the rotation of the —OH group, resulting in a
lower conversion compared to Cat 1, Cat-2, and Cat 3. In the case
of Cat 5, a lower conversion was observed, likely due to the presence
of bulky tert-butyl groups at the 3,5-positions of the salicylaldimine
arms, which effectively restricted the rotation of the —OH group.
Additionally, Cat 5 exhibited low solubility in the epoxide, and the
reaction mixture remained poorly soluble even after completion.
Analysis of Cambridge crystal structure database revealed that there
is only one crystal structure of pyridine bridged bis-salicylaldimine
ligands which were derived from a 2,6 diaminopyridine and two
aldehydes. Cat 1-5, the phenols are intramolecularly bonded to the
imine group but are positioned away from the pyridine ring, as
illustrated in Fig. 4

Since the crystal structures of Cat 1, 3-5 have not been
previously reported, we determined their single crystal structures to
investigate the nature of the intramolecular hydrogen bonding
between the phenols and the imine group. Despite numerous
crystallization attempts, achieving high-quality crystals of Cat 2
proved challenging and remained unattainable. In Cat 1, 3-5, the
crystal structures reveal that the current orientation is not favourable
for catalysis as we could not get the desired product at RT. Since
catalysis occurs in the solution state, the orientation may change in
solution, potentially influenced by temperature, leading to the
formation of different analogues during the reaction. The crystal
structure analysis of Cat 1 and related compounds (3-5) highlights
the critical roles of steric hindrance, hydrogen bonding, and
deviations from planarity in shaping their catalytic performance.
Among the series, Cat 1 is the least sterically hindered and exhibits
significant deviation from planarity, with a twist angle of 9.85°,
surpassed only by Cat 5. This perturbation in planarity is proposed
to facilitate the rotation of the —OH groups upon heating. Cat 1 forms
moderate hydrogen bonds with distances of 1.861 A (O1-H1---N3)
and 1.886 A (02-H2---N2), indicating relatively weak interactions

(Fig. 4).
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These moderate bond lengths suggest a balance between stability
under mild conditions and susceptibility to thermal dlsruptlon Upon
heating, the increased vibrational energy Bﬁﬁ l? lizes) e %%%
hydrogen bonds, further perturbing the molecular structure. This
disruption enables the —OH groups to rotate closer to the pyridinic
nitrogen, potentially altering the structural and electronic properties
of the system. The observed hydrogen bond variations in Cat 1
highlight how subtle shifts in H-bond lengths influence molecular
stability, orientation, and interaction strength within catalytic sites.

One hydrogen bond is relatively weaker, making it more
susceptible to thermal disruption, which allows the —OH group to
rotate toward the pyridine ring at higher temperatures. This rotation
is facilitated by the minimal steric hindrance due to the lack of
substituents on the salicylaldimine arm, which supports the
conformational flexibility necessary for efficient catalysis.

Meanwhile, the stronger hydrogen bond, though not fully
disrupted, may weaken just enough to induce rotation of the —-OH
group in the opposite direction, causing a polarity shift. This subtle
reorientation of the —OH group enables favourable conformational
adjustments, allowing Cat 1 to achieve higher catalytic efficiency
compared to Cat 3-5. This idea aligns with earlier studies, such as
Cimerman et al.® which discussed the possibility of —-OH group
rotation under external forces, further underscoring the impact of
structural flexibility®” on catalytic performance Fig. 4. In contrast,
other catalysts of this series Cat 3-5, with more symmetric hydrogen
bond distances, and more planarity as compared to Cat 1 restrict —
OH rotation and diminish catalytic activity due to increased steric
hindrance from substituents in the ortho and para positions Fig. 4.
Specifically, Cat 5, steric hindrance from tert-butyl groups at the
3,5-positions of both the salicylaldimine arms prevents the optimal
rotation of the —OH group, even though Cat 5 exhibits the highest
nonplanarity with the angle of 42.76°.

This steric restriction and nearly symmetric bond distance 1.839
A (O1-H1---N3) and 1.830 A (02-H2---N2), prevent the molecule
from achieving the ideal conformation for catalysis, which
significantly limits activity. Under neat conditions, however, Cat 5
can still catalyze conversion (using 1.8 mol% Cat 5 and TBAI with
1:1 ratio at 10 bar CO: at 100 °C, 24h), achieving up to 93%
conversion, though its steric limitations hamper overall efficiency.
Thus, these structural and electronic insights reveal how subtle
variations in hydrogen bonding and steric factors shape the catalytic
effectiveness of pyridine-salicylaldimine systems Fig. 5.
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Fig. 4. The crystal structures of Cat 1 and its analogues (3-5) reveal the presence of intramolecular hydrogen bonds between the —OH groups
and imine nitrogen atoms, specifically (O1-H1---N3) and (O2-H2---N2). These structures also provide insights into deviations from planarity,
quantified by measuring the angles between two defined planes within the molecules. The observed deviations from planarity are proposed to
facilitate the rotation of the —OH groups, which in turn enhances the catalytic activity by influencing the structural flexibility and electronic

environment of the active site.
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Fig. 5. This figure illustrates the descending order of catalytic activity of Cat 1-5 for the synthesis of styrene carbonate from styrene oxide and
CO:z at the reaction condition (1:1ratio of catalyst/cocatalyst, 80 °C, 18h, 1 bar CO). Cat 1 showed the highest activity as compared to other
Cat 2-5 due to its less hindered structural arrangement. Upper part showed the DFT optimized rotated structure of Cat 1 obtained during the
reaction at given conditions also consistent with the NMR. This orientation facilitates the catalytic performance of Cat 1.

It should be noted that Cat 1 successfully converted propylene
oxide and epichlorohydrin into the corresponding cyclic carbonates
at 1 bar CO2, 80 °C, over 24 hours, without the need of a cocatalyst.
This efficiency is attributed to the less hindered structure of Cat 1
and the electron withdrawing nature of the epoxide. Additionally,
Cat 1 was able to convert other terminal epoxides into their
corresponding carbonates at 5 bar CO2 over 10 hours, also without a
cocatalyst, though the conversions were lower Table S4+.

Remarkably, these new homogenous catalytic sites did not
require high pressure, any metals and solvent to promote the reaction
for the terminal epoxide but still it require high pressure and
temperature for the internal epoxides to convert them into their
corresponding cyclic carbonates in good yield. Although at given
reaction condition, the transformation of cyclohexene oxide to
cyclohexene carbonate has been observed up to 71% conversion. But
beyond that we couldn’t observed the same conversion despite of
using higher catalyst/cocatalyst loading at the same reaction
conditions. Comparison in entries 1-7 of Table 1 reveals that a 1:1
ratio of Cat 1 to TBAI is sufficient to achieve excellent conversion.
Deviations from this ratio, however, may result in a loss of
conversion efficiency. Our findings indicate that this level of
catalyst/cocatalyst loading is lower compared to previously reported
catalytic systems.58:67 Lowering the amount of Cat 1 from 0.9 mol%
to 0.45 mol% resulted in a substantial decrease 68.6% in conversion.
Conversely, increasing the catalyst loading to a 1:2 ratio achieved a
99% conversion of styrene oxide to its corresponding carbonate.
Additionally, reducing the reaction time to 15 hours yielded a
conversion of 82.1%, 12 hours resulted in 75%, and 8 hours achieved
43% conversion of the epoxide to the resultant carbonate. With
optimized reaction conditions, further we aimed to explore the
generality of Cat 1 for the coupling of CO2 with various epoxide
include aliphatic, aromatic, ether groups under the optimized
conditions.

Table 1. Influence of catalyst loading on catalytic activity of Cat 1.

Entry Catalyst Cocatalyst | Conv (%)
1 18 | - 0
2 36 | - 0
3 3.6 e 50
4 0.9 1.8 99
5 0.9 0.9 99.5
7 0.45 0.45 68.6

As shown in Scheme 1, all epoxides (1a—h) were transformed
into the resultant cyclic carbonates with good to excellent
quantitative yields. Alkyl substituted epoxide 1b along with large
side chain 1c and 1d were converted smoothly with, 99.99%, 98%
and 97.1% conversions. The coupling of glycidyl ether derivatives
1f and 1g delivered the corresponding products 2f—2g in 95-97%.
We tried to transform functionalized bisepoxides 1h into the
corresponding cyclic carbonates 2h but due to its more steric
hindrance it is restricted to enter inside the cage of Cat 1 to reach the
-OH group for the activation, therefore nominal conversion has been
observed. To investigate the mechanism of this catalytic
transformation, it's crucial to understand the orientation of the
catalytic molecule.

[+]
[+] o

Call 1TESAR 110 w.’[‘\/

Za-h

Ciy, 1 bar, BUSC, 18h

'y p 0
i
b o4 o4
g L B
s Conv™. 90.5% 6 Conv™, 19.99% Br Coav”, 38%
Tkl BE% Vil 34.4% Yishd, 84.5%
[+] 0
o ot o
M u'\,—"L-JD #\-_,.-U._",,J-.J
i Com™. 97.1% e Com™. PRLY% 2 Conn™ W5 T%
Yisld, 92 % Wield 3% Vsl 52.8%
¢ ocH;
o n’\},.- : _‘;:-z
Ll o
g Comv®, 57 5% e )

Yield. T

Scheme 1. Substrate scope for the addition of CO2 to terminal
epoxides. Conditions: epoxide 1 (2.5 mmol), CO2 (1 bar), (0.9
mol%), TBAI (1.8 mol%), 80 °C, 18 h, reaction performed as neat.
Yields relate to products isolated by column purification. The
selectivity towards 2a—h was >99% (Fig. S11-S257).
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Cat 1 was inactive at room temperature, whether used alone or
in combination with TBAL. This lack of activity may be attributed to
the orientation of the molecule, as indicated by its crystal structure.
In the crystal structure, both —OH groups are positioned away from
the pyridine N and instead form strong intramolecular hydrogen
bonds with the lone pair of the imine nitrogen atom. This orientation
is not conducive to the reaction because the activation sites for the
epoxide and COz are not in close proximity. As a result, the insertion
of CO2 into the epoxide is hindered due to this unfavourable
orientation. Therefore, the reaction does not occur at room
temperature (RT), even with the addition of a cocatalyst. When the
temperature is increased to 40°C, 60°C, 80°C, the reaction initiates,
but the conversion at 40°C is minimal. This low conversion at 40°C
may be because the temperature is insufficient to alter the molecular
orientation however, at 60°C, the conversion is still not upto the
mark i.e 67.3%. When the temperature is raised to 80°C, a
conversion of 99.5% was achieved. This remarkable transformation
is likely due to the weakening of hydrogen bonding between the —
OH group and the imine nitrogen atom, which facilitates bond
rotation. As a result, the —OH group moves closer to the pyridine
nitrogen atom and transformed the Cat 1 into its favourable
orientation for the activation of the epoxide and COz, leading to a
more rapid insertion of COs.

To validate the above hypothesis, we conducted temperature-
dependent NMR experiments in DMSO-ds to investigate the rotation
of the —OH group in Cat 1. Initially, NMR analysis of the pristine
ligand in DMSO-ds showed a peak at 13.10 ppm corresponding to
the —OH group and a peak at 9.70 ppm for the -HC=N group (Fig.
S34a and bt). Upon adding the substrate styrene oxide, several new
peaks appeared. The —OH peak at 13.10 ppm shifted downfield to
13.61 ppm, attributed to styrene oxide interacting with the hydrogen-
bonded H atom of the phenol group.%% This interaction weakens
the hydrogen bonding between the phenol —OH and the imine
nitrogen, while strengthening the hydrogen bond between the
epoxide oxygen and the —OH hydrogen. A new peak emerged at
10.39 ppm, 1% corresponding to a non-hydrogen-bonded —OH group,
which can rotate and position itself near the pyridine nitrogen in Cat
1, as shown in Fig. 6a, 6b, S34a and bf. Additionally, the -HC=N
peak shifted from 9.70 to 9.48 ppm, and indicating that Cat 1 is

oriented favourably for reaction initiation.Upon increasing the
temperature from room temperature to 80 °C and conducting
temperature-dependent NMR, we observed g notabjg i fieltf shift if
both the hydrogen-bonded and non-hydrogen-bonded ~OH peaks, as
well as the -HC=N peak. The hydrogen-bonded —OH peak showed
a significant upfield shift, indicating the weakening of the hydrogen
bond between the —OH group and the imine nitrogen lone pair at
elevated temperatures. Conversely, the non-hydrogen-bonded —OH
group exhibited only a marginal shift, suggesting slower activation
of the epoxide at this site. This study is further supported by our DFT
calculation which confirms the structural changes and their impact
on the catalytic process (Fig. S367). As noted, the nitrogen atom in
the pyridine moiety participates in CO: activation. To examine
pyridine’s role in catalysis, we performed a "N NMR study in
CDCls, as Cat 1 was highly soluble in this solvent. A new "N NMR
peak appeared at 236 ppm, shifted upfield compared to the pristine
compound, indicating an interaction between the pyridine N and
CO:.. This interaction was confirmed by the upfield shift from 252
ppm to 236 ppm (AS = 16 ppm), attributed to the engagement of the
pyridine N with CO: as the intensity of pyridine N peak at 252 ppm
has decreased significantly (Fig. 6¢t).

This type of upfield shift in "N NMR was also observed by Lai
et al. in 2007 during the protonation of 2-aminopyridine, suggesting
that the strong shielding arises from a positive charge at the pyridine
nitrogen.!! This indicates that the strong shielding observed in these
molecules originates from the positive charge on the pyridine
nitrogen. While this positive charge causes significant shielding, it
is somewhat less than that observed in the protonation of 2-
aminopyridine. The interaction of CO. with the pyridine nitrogen
results in reduced shielding, likely because the two oxygen atoms in
CO: limit the nitrogen’s ability to experience strong shielding, unlike
the more pronounced effect seen with hydrogen interaction.

To study the thermally induced conformational rotation of Cat
1, absorption and fluorescence analysis were conducted in DMSO.
The absorption spectrum of Cat 1 in DMSO displayed a maximum
at 370 nm, while the fluorescence spectrum showed a primary
emission peak at 496 nm, corresponding to the enol form of Cat 1
(Fig. S357).
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Fig. 6. (a) Temperature dependent *H NMR study in DMSO de. Ratio of Cat 1 and styrene oxide was (1:10) and taken at variable temperature
as shown in Figure. (b) Zoomed part of 9-14 ppm chemical shift part, which clearly showed shifting while increasing temperature. (c) *N
NMR of Cat 1 and CO: coordinated Cat 1. In this NMR, activation of CO2 mainly initiated by pyridine N which generates new peak at 236
ppm N coordinated CO2. (d) Temperature dependent photoluminescent data of Cat 1 at different temperatures. At RT, 40 °C, 60 °C and 80 °C
showed same pattern of the plot with decreased PL intensity. However further heating Cat 1 upto 5h at 80 °C, a blue shift has been observed

with the different pattern of the plot.
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Additionally, a minor emission feature observed at 530 nm
indicates the presence of a small amount of the keto form due to
excited-state intramolecular proton transfer (ESIPT).102 103 |n
DMSO, Cat 1 predominantly exists as enol form in a singlet state
that facilitates dynamic intramolecular rotations by weakening of H-
bonding and C=N isomerization, effectively suppressing the ESIPT
process and favouring non-radiative decay from the excited state.04
Temperature-dependent photoluminescence measurements revealed
that the planar cis-enol form of Cat 1 transitions to a flipped cis-enol
conformation upon heating. This transition is accompanied by
increased rotational and vibrational freedom of the salicylaldimine
arms and the C=N bond, leading to enhanced non-radiative decay
pathways and reduced fluorescence intensity.!® When Cat 1 is
heated in DMSO at 40 °C, 60 °C, and 80 °C, a progressive quenching
of fluorescence intensity is observed, likely due to the suppression
of the ESIPT process. Upon extended heating at 80 °C for up to 5
hours, a blue shift in the emission maximum to 461 nm is detected,
indicating thermally induced structural changes. Notably, this
structural transformation is distinctly characterized by the merging
and blue shifting of the primary emission peak from 496 nm to 461
nm (Fig. 6dt). This shift signifies the disruption of the
intramolecular hydrogen bond between the phenolic —-OH group and
the imine nitrogen, driven by the formation of intermolecular
hydrogen bonding between DMSO and the —OH group of the
salicylaldimine arm in the flipped conformation.% Heating induces
a complete rotation of the N3—C11-C12 bond and a partial rotation
of the phenolic C5-N2—-C17-C7 bond, collectively causing a
significant weakening or disruption of the intramolecular hydrogen
bonds between the phenolic —~OH groups and imine N atoms on both
sides. The NMR and DFT analysis are also consistent with this
rotation. The extent of disruption depends on the relative strength of
each hydrogen bond. (as shown in Fig. 4, 5 and S36+). This
conformational rotation is stabilized by intermolecular hydrogen
bonding between DMSO and the phenolic -OH groups of Cat 1.
Under the reaction conditions used in our study, the rotation is
further stabilized by styrene oxide, which acts as both a solvent and
a reactant and temperature condition, enhancing the stability of the
thermally induced conformational adjustment.

After evaluating the reactivity of Cat 1with the combination of
TBAI toward the transformation of terminal epoxides into their
corresponding carbonate, we tried to extend the substrate scope by
using internal epoxides. Although internal epoxides are the
challenging substrates due to their high steric hinderance nature. To
begin with internal epoxides, we optimized reaction conditions by
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employing cyclohexene oxide catalysed by the Cat 1 and TBAI.
Results are presented in Table 2. Low conversions were obtained for
the synthesis of cyclohexene carbonate at th o%;%@g‘g@@ggﬂﬁ
conditions which were used for terminal epoxides ?1 ar CO2 80 °C,
18h, and 1:1 Cat 1/TBAI loading).

Table 2. Cyclohexene oxide (2.5 mmol), CO2 (1 and 10 bar 18h), the
reaction was performed as neat. Conversion of cyclohexene oxide
into cyclic carbonate was assessed by *HNMR spectroscopy
(CDCls) of the crude mixture. The selectivity towards cyclic
carbonate was >99%, and only the cis isomer was formed.

Entry | Cat1 | TBAI | Temp(%) | Pressure | Conv"
1 0.9 0.9 80 1 22.8

2 0.9 1.8 80 1 71

3 0.9 3.6 80 1 56

4 1.8 3.6 100 10 96

5 4 0 100 10 0

7 6 6 100 10 86

An increase in the Cat-1/TBAI ratio from 1:1 to 1:2 led to a
significant enhancement in catalytic activity, achieving 71%
conversion at 1 bar CO.. However, further increasing the ratio to 1:4
under the same conditions did not yield any substantial
improvement. This trend reflects an inverse relationship between
iodide concentration and catalytic efficiency, consistent with
literature on CO2 epoxide coupling involving internal epoxides. At
higher iodide loadings, the equilibrium likely shifts toward ring-
opened intermediates and the system experiences increased ionic
congestion, both of which hinder the ring-closing step and reduce
overall catalytic performance.'%”: 1% To overcome these limitations
and improve the yield, the reaction conditions were further
optimized by increasing both the Cat 1/TBAI ratio to 2:4 and the
temperature from 80°C to 100°C for 18 hours. Under these
conditions, a dramatic enhancement in catalytic activity was
observed, with Cat 1 delivering a conversion of 96%. Moreover, in
the absence of TBAI no conversion has been observed at 10 bar.
After selection of optimized condition for the synthesis of
cyclohexene carbonate, we emphasized the transformation of other
internal epoxides into their corresponding cyclic carbonate. The
results are shown in Fig. 7a. Under these optimized conditions, fused
bicyclic carbonates cyclohexene and cyclopentene carbonates were
obtained with excellent conversions (96% and 92.7%) and
selectivity (>99).
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Fig. 7. (a) Substrate scope for the addition of CO: to internal epoxides. Conditions: epoxide 1 (2.5. mmol), CO2 (10 bar), Cat 1 (1.8 mol%),

TBAI (3.6 mol%), 100 °C, 18 h, reaction performed as neat. Yields relate

to products isolated by column purification. The selectivity towards

2i—l was >99% (Fig. S26-S337). (b) Recyclability: Recycling of the Cat 1 in the coupling reaction of epichlorohydrin 1e and CO2 under

optimized reaction conditions: catalyst amount (0.9 mol%), 1 bar CO2, 80

°C, 18h. (c) Scaleup: A scaleup reaction with substrate 1c.
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Interestingly, vinyl-substituted bicyclic carbonate was obtained
with 89.6% conversion and excellent selectivity. Finally, we turned
our attention to the transformation of nonbicyclic epoxides trans-
stilbene oxide: the reaction of trans stilbene oxide to give trans
stilbene carbonate with 3.2% conversion. These are very challenging
substrate, due their high steric hindrance structural arrangement.
Because of its structural arrangement, it may not be able to enter
inside the cage, formed by the Cat 1 for the activation. Very less
product has been obtained despite of using higher catalyst/cocatalyst
loading as well as longer reaction time 48h. In order to check the
practicality of this catalytic process, a scale-up reaction was carried
out (Fig. 7b) under the optimized conditions for the terminal mono-
substituted epoxide (i.e., 0.9 mol% , 0.9 mol% TBAI, 80 °C, 18 h,
COz2 1bar, neat), butylene oxide 1c was transformed into the resultant
cyclic carbonate 2¢ in 98% conversion.

Recyclability of catalyst

Recyclability is a critical feature for the potential application of
catalysts in cost-effective and environmentally sustainable
processes. Many recently reported homogeneous catalysts struggle
with efficient recycling due to difficulties in isolation from the
reaction mixture and instability under high-temperature and high-
pressure conditions. In contrast, the reusability and stability of the
Cat 1/TBAI binary system were evaluated. Due to its insolubility in
diethyl ether, Cat 1 was successfully recovered after the reaction of
CO2 with epichlorohydrin (80 °C, 1 atm CO2, 18 h) by extraction of
the cyclic carbonate and drying the catalyst under vacuum for reuse.
The results demonstrated that the catalytic activity remained stable
across five cycles, with only a slight reduction in activity observed
during the sixth cycle, indicating the high stability of the system.
Therefore, the Pyridine bis-salicylaldimine/TBAI catalytic system
proves to be a highly practical and reusable catalyst for the CO2-
epoxide cycloaddition reaction, demonstrating its potential for
sustainable applications in industrial processes. (Fig. 7c Table S5¢).

DFT studies

To validate the structural changes, DFT studies were carried out
to investigate the rotation of the phenolic ring around the specified
bond (details are in note 1 of Sl and Fig. S37, S38 and S39 in ESI
Table S6t1). The results revealed that this rotation requires
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overcoming an energy barrier, with the rotated geometry of Cat 1
exhibiting significantly higher energy, exceeding 12.41 kcal/mol.
This elevated energy demand suggests that, syct! %55@?5%@@3
transformation is thermodynamically favourable under the reaction
conditions, which compensates for the energy requirement and
enables the rotation. To elucidate the mechanism of CO2 addition to
epoxides catalyzed by Cat 1b (a rotational conformer of Cat 1), we
performed DFT calculations using the M06-2X/Def2-TZVPP level
of theory. Fig. 8 presents the relative energy profile for the reaction
of propylene oxide with CO, along with the structures of key
intermediates.

Focusing on the mechanism of cyclic carbonate formation, the
reaction is mainly categorized in three steps. First, activation of
epoxide ring followed by the ring opening of epoxide ring through
iodide attack, second, activation of CO2 molecule by interaction with
pyridine N and third, the insertion of CO2 into epoxide and a
formation of the cyclic carbonate.!® The mechanism and energy
profile associated with it is presented in Fig. 8 and S39tf. The
epoxide ring interacts with the phenolic —OH group, disrupting the
N(imine)---HO (phenolic) hydrogen bond and forming a new
O(epoxide)---HO (phenolic) bond, labeled as a. Propylene oxide
coordinates with the highest-energy conformer Cat 1b, featuring an
inter-molecular H-bond between the phenolic -OH and the
propylene oxide O atom. The iodide anion opens the epoxide ring,
forming alkoxide intermediate ¢ (+5.40 kcal mol™', endergonic).
This occurs via transition state b with a barrier of 17.65 kcal mol™!
relative to a. As mentioned in experimental studies (**N NMR), the
CO2 molecule is activated by pyridine N atom.

Thus, the activation of CO2 was further studied by showing the
direct interaction of CO2 with pyridine N. Literature reports that CO-
interacts with pyridine nitrogen through van der Waals interactions,
with a bond length of 2.77 A 110111112 |n present case, this distance
exceeds to 2.89 A, attributed to the influence of electronic repulsion
of phenolic —OH groups. When CO: interacts with the nitrogen atom
in pyridine, the CO2 molecule, which is normally linear (with a bond
angle of 180°), becomes slightly bent. This interaction causes the
bond angle in the CO2 molecule to decrease slightly, from 180° in its
neutral state to approximately 176.3°.112 This bending indicates a
subtle distortion in the geometry of CO: due to its interaction with
pyridine nitrogen (optimized geometries are provided in ESI Fig.
S36 and S397).
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Fig. 8. The relative energy profile of AE (kcal/mol) pf Cat 1b catalyzed addition of CO2 to propylene oxide calculated at M06-2X/Def2-

TZVP level of theory.
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This exothermic reaction lowers the energy, forming
intermediate d. CO: incorporation into intermediate d forms the
hemi carbonate intermediate e in an exothermic reaction, with e
having an energy of -26.28 kcal/mol. The ring-closure step is
endothermic (+3.69 kcal/mol), positioning the product's energy at -
22.58 kcal/mol relative to the initial reactants a.

To further elucidate the role of the phenolic -OH group in the
catalytic process, a deuterium exchange experiment was conducted
on Cat 1. The '"H NMR spectrum of the resulting deuterated catalyst
exhibited a marked suppression of the —OH proton resonance,
indicating its progressive conversion to the —OD form. Catalytic
evaluations using the deuterated Cat 1 under identical reaction
conditions revealed a notable decrease in conversion (73%) relative
to the non-deuterated Cat 1.!'31'4115 This diminished activity
highlights the essential role of the —OH group in promoting epoxide
activation, most likely via intramolecular hydrogen bonding with the
imine moiety. These observations collectively underscore the
functional significance of the phenolic —OH group in achieving high
catalytic efficiency (Fig. S40, S41). (Note in SI, S42, S43 and S44)

To gain deeper structural insight into the proposed pyridine—
CO: intermediate, we employed three spectrometric techniques
insitu FT-IR, 3C NMR and HRMS under the standard reaction
conditions. In the insitu FT-IR experiments, continuous introduction
of CO: into a DMF solution of Cat 1 led to the gradual emergence
of a distinct absorption band at 1645cm™.1% This band is
characteristic of the C=0 stretching vibration of a carbamate species,
consistent with CO: coordination at the pyridine N, and suggests
suppression of other carbamate-containing species (Fig. S45).
Complementary '3C NMR studies of Cat 1/styrene oxide/CO2
mixtures revealed the emergence of a new resonance at 163.76 ppm,
absent in spectra of Cat 1 alone consistent with a carbamate carbon
environment and corroborating formation of a pyridine—CO:
adduct'” 17 (Fig. S46 a b).

Further direct evidence was provided by ESI-HRMS, which
revealed important intermediate species upon CO: introduction into
the Cat 1/styrene oxide/TBAI reaction mixture (Fig. S47a—d). These
intermediates reflect various binding modes of Cat 1 with styrene
oxide and/or CO..1*® Notably, the peak observed at m/z 438.1807
corresponds to the interaction of a single styrene oxide (S.0.)
molecule with Cat 1. In contrast, the peak at m/z 557.2314 represents
a complex wherein two S.O. molecules coordinate simultaneously
with both hydroxyl (-OH) groups of Cat 1. Furthermore, the peak at
m/z 624.2836, which is an its isotopic variants, is attributed to the

Chemical Science

Cat 1 complex coordinated to both styrene oxide and CO: as
intermediate 11 Fig.9. The definitive identlflcatlon of addltlonal
expected key intermediates, which are essqg@ @;iﬁ_?}
detailed mechanistic pathway of the Cat 1 rene OXIde TBAI-
catalyzed cycloaddition reaction, has also been achieved through
HRMS analysis. These findings are detailed in the Electronic
Supplementary Information (ESI) (Figs. S48-S52).

Finally as shown in Fig. 9, we summarised the mechanism on
the basis of our experimental results and previous mechanistic
studies on related systems.5”: 91 119-123 The activation of the epoxide
ring is initiated by a hydrogen-bond interaction between the
hydrogen-bonded —OH group of Cat 1b (the most stable conformer,
1) and the oxygen atom of the epoxide. This interaction significantly
weakens the existing hydrogen bond between the —OH group and the
imine nitrogen atom. Simultaneously, the iodide anion (I") performs
a nucleophilic attack on the less sterically hindered carbon atom of
the epoxide ring, resulting in the formation of intermediate 11. This
step facilitates the ring opening of the epoxide, yielding the
corresponding alkoxide intermediate 111. Subsequently, CO: is
activated through coordination with the N atom of the pyridine
group, forming intermediate 1V Fig. S48-S52. Finally, nucleophilic
addition of the alkoxide intermediate to the activated CO: generates
an alkylcarbonate anion, denoted as intermediate V. This
comprehensive mechanism underscores the interplay between
catalytic ~ activation, nucleophilic substitution, and CO:
incorporation, validated through experimental and theoretical
analyses. Finally, the catalytic cycle concludes with an
intramolecular cyclization of the alkylcarbonate intermediate V,
resulting in the formation of the cyclic carbonate product. This step
also regenerates the catalyst, Cat 1b, and (TBAI), completing the
catalytic process. Additionally, a non-hydrogen-bonded —~OH group
present in Cat 1b is also involved in the mechanism, albeit with
sluggish mode.

Conclusions

In this study, we present a facile synthesis of non-toxic, and
inexpensive multifunctional binary organocatalytic systems (Cat 1-
5) for the synthesis of cyclic carbonates from epoxides and CO2
under metal- and solvent-free conditions. These catalysts exhibit
excellent performance in the conversion of both terminal and
internal epoxides to cyclic carbonates, with the lowest catalyst and
cocatalyst loadings, specifically utilizing tetrabutylammonium
iodide (TBAI) as a cocatalyst. Among the five systems, Cat 1
demonstrated the highest catalytic activity, attributed to its less
sterically hindered structural configuration. Notably, thermal
induction facilitated an in situ molecular flipping, altering the
molecular planarity and orienting the active sites in close proximity,
which is crucial for its enhanced catalytic efficiency. This
conformational adjustment, coupled with DFT calculations and
control experiments, confirmed the proposed geometry of Cat 1 and
highlighted the role of the pyridine bridge in activating CO2 during
the reaction. Mechanistic investigations combining isotopic
labeling, in situ IR, 13C NMR, and HRMS analyses provide robust
insights into the cycloaddition pathway. Additionally, reusability
tests and a scale-up experiment showcased the practicality of Cat 1,
demonstrating that it can be recovered and reused up to six times
without significant loss in catalytic activity. Furthermore, this study
provides a foundation for future advancements in catalyst design by
demonstrating how hydrogen bond manipulation and steric control
can enhance catalytic efficiency. This approach could expand
applications in CO: conversion technologies, from cyclic carbonates
to broader polymeric materials, enabling sustainable solutions in
carbon capture and utilization. Moving forward, incorporating
computational modeling and exploring diverse functional groups
may further optimize these catalysts, promoting scalable, low-
energy processes for eco-friendly carbon utilization and other green
chemical transformations. This study opens pathways for advanced
catalyst design by optimizing hydrogen bond dynamics and steric
configurations for greater efficiency. Future work can explore
applications in broader CO: transformations, including polymer
synthesis and sustainable carbon utilization.
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